ZnS nanostructures with different morphologies of submicrospheres, nanosheets and nanorods were synthesized by solution precipitation of thiourea with Zn(NO 3 ) 2 in the presence of block copolymer at low temperature. The sizes and morphologies of ZnS can be controlled simply by changing the processing parameters. The results show that the ZnS submicrospheres are of 250-500 nm in diameter, nanosheets are 2.5 μm × 5.5 μm with an estimated thickness of 20-30 nm, and nanorods are 2-5 nm in diameter and 10-30 nm in length. Keeping the precursor system in an autoclave at 105 • C results in the formation of ZnS submicrospheres; ultrasonication and keeping the system at room temperature leads to the formation of ZnS nanosheets; and long-time continuous ultrasonication and keeping the system in an autoclave at 105 • C induces the formation of uniform ZnS nanorods. We argue that the reaction temperature and P123 may play crucial roles in the formation of three ZnS structures in this work. The morphologically controllable synthesis strategies may be extended to the shape-controlled production of nanostructures of other inorganic materials.
Introduction
The architectural control of inorganic nanomaterials with well-defined shapes has been an important research topic due to the size and shape-dependant properties of these nanostructures [1] [2] [3] . To systematically manipulate the shapes of inorganic compounds will greatly benefit various application fields, including optics, electronics, magnetics, catalysis, and medicine [4] [5] [6] . The existing methods for size and shape control of inorganic nanostructured materials generally use capping agents, such as surfactants, ligands, polymers, or dendrimers, to confine the growth in the nanometre regime [7] [8] [9] [10] .
ZnS, as an important group II-VI semiconductor compound with wide band gap energy of 3.7 eV, has attracted much research interest due to its excellent properties in luminescence and photochemistry. To date, many efforts have been made in the fabrication of one-dimensional (tubes [11] , wires [12] , rods [13] , belts and ribbons [14] ), twodimensional (sheets [15] , platelets [16] , diskettes [17] ) and three-dimensional (spheres [18] ) ZnS nanostructures by liquidcrystal templating, irradiation, solvothermal, physical evaporation, and surfactant-mediated microemulsion approaches. Zinc blend-type solid and hollow ZnS nanospheres were synthesized using zinc acetate and thioacetamide as precursors in an aqueous solution of P123 [18] . ZnS nanosheets were achieved from a lamellar molecular precursor ZnS-(NH 2 CH 2 CH 2 NH 2 ) 0.5 by a solvothermal reaction at 120-180
• C in the donating solvent ethylenediamine [15] . ZnS nanorods were obtained using a solvothermal process with ethylenediamine and dodecylthiol as precursors [13] . Among these synthesis strategies, the surfactant-mediated microemulsion approach has attracted much more attention due to its distinct advantages in effective control over the size and shape of nanoparticles by sys- tematically adjusting reactant molar ratio [19] . However, as far as we know, no studies have addressed effective shape control of ZnS from a single reaction system. It still remains a great challenge to develop facile and environmentally benign methods for creating different ZnS nanostructures from a single precursor system. In this paper, we report the synthesis of ZnS nanostructures with morphologies of submicrospheres, nanosheets and nanorods from a single block copolymer aqueous reaction system under mild conditions by simply changing the synthesis routes. This simple synthesis strategy may be extended to the shape-controlled production of nanostructures of other inorganic materials.
Experiment

Materials
The water-soluble amphiphilic block copolymer surfactant, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO 20 PO 70 EO 20 , Pluronic P123, M av = 5800), was purchased from Aldrich. All chemicals were of analytical grade and used as-received without further purification. The water used in this work was distilled and de-ionized.
Experimental details
The controllable synthesis route is shown in figure 1 . In a typical synthesis, a certain amount of triblock copolymer surfactant Pluronic P123 was dissolved in de-ionized water. After the solution was stirred for 2 h, which ensured the complete dissolution of P123, 50 ml of aqueous 0.05 M Zn(NO 3 ) 2 and 50 ml of aqueous 0.5 M thiourea were added into the above P123 solution with [P123]/[H 2 O] weight ratio w = 0.04, immediately followed by three different procedures. Figure 1 gives the flow diagram of synthesis steps and schemes for the preparation of ZnS nanostructures.
Scheme 1 (synthesis of ZnS submicrospheres).
The resulting solution was directly transferred into a 150 ml Teflon-lined stainless steel autoclave, sealed, and maintained at 105
• C for 72 h.
Scheme 2 (synthesis of ZnS nanosheets).
The resulting solution was first treated by ultrasonication for 40 min, and then poured into a flask, sealed and maintained under a static condition at room temperature for 72 h.
Scheme 3 (synthesis of ZnS nanorods).
The resulting solution was first treated by ultrasonication for 40 min, and then transferred into a 150 ml Teflon-lined stainless steel autoclave, sealed, and maintained at 105
After cooling to room temperature, all final solutions were centrifuged and washed alternatively with de-ionized water and absolute acetone four times. After drying in a vacuum oven at 70
• C for 10 h, the samples were obtained.
Characterization
The samples were characterized by powder x-ray diffraction (XRD) to investigate the crystalline structures. The XRD analysis was carried out on a Regaku D/max-2400 x-ray diffractometer with Cu Kα radiation (λ = 1.5405Å). Transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), electron diffraction (ED) and energy dispersive spectroscopy (EDS) were carried out on a JEOL-2010 high-resolution transmission electron microscope. For this case, some samples were dispersed in ethanol followed by ultrasonication, and then two small drops of them were placed on a Cu microgrid. The acceleration voltage was 200 kV.
The absorption spectra were taken using a Jasco V-550 in the range 200-850 nm. the high purity of the product. The significant broadening of the diffraction peaks may be ascribed to the very small crystallite size within ZnS nanoparticles [20] . The crystal size is about 13.5 nm, estimated from the broadened XRD peak (002) by means of Scherrer formula [21] . The composition was determined by EDS (not shown here), and it exhibits only S and Zn peaks, further confirming that the sample is pure ZnS. Figures 2(b) -(d) are typical TEM images. It can be seen that the sample consists of ZnS submicrospheres with diameters ranging from 250 to 500 nm. Most of the ZnS submicrospheres are found to be arranged in the form of chain assembly (figures 2(d), (e)). It was reported that such nanoparticle assemblies, i.e., chains, can significantly help the understanding of biological processes, fundamental quantum mechanics of nanoscale systems and the formation of nanowires, thus they have been made by several techniques such as solvent evaporation, Langmuir-Blodgett (LB) transfer and layer-by-layer assembly [22] . Here, scheme 1 may provide a simple route to obtain such micro/nanoparticle chains. The image obtained from the edge part of a single submicrosphere reveals that the ZnS submicrosphere consists of primary crystalline nanoparticles with an average size of 14 nm (the inset in figure 2(c) ). The HRTEM image of the nanoparticles exhibits a clear lattice spacing of 3.15Å, corresponding to the (002) plane of wurtzite-type ZnS. The inset of figure 1(b) (c) shows the SAED pattern from an individual submicrosphere, in which the diffraction rings can be indexed to (002), (110) and (112) planes of wurtzite ZnS phase. It should be noted that wurtzite ZnS phase is a high-temperature phase, usually forming at a temperature around 1296 K. There are only a few reports on the synthesis of pure wurtzite ZnS nanoparticles at low temperature [15] . To the best of our knowledge, 105
Results and discussion
• C in our approach is a relatively low temperature for the synthesis of pure wurtzite ZnS nanostructures.
Figures 3(a) and (b) show typical TEM images of the ZnS sample prepared through scheme 2. The lamellar shape of the sample can be clearly observed. The ZnS nanosheets display a rectangular morphology with lateral dimensions of about 2.5 μm × 5.5 μm. Some nanosheets are found to be curled on the copper grid as indicated by arrows in the inset of figure 3(a) , which demonstrates that these lamellae have a thickness of about 20-30 nm. The corresponding SAED pattern (the inset in figure 3(b) ) reveals that the ZnS nanosheets are non-crystalline in nature due to room temperature synthesis. The composition analysis by EDS shown in figure 3(c) demonstrates that the product contains only Zn and S, and no organic residues can be detected. The atomic ratios of Zn/S taken from ten points are between 1.13:1 and 1.20:1. The Cu signal in the EDS spectrum can be attributed to the copper grid for TEM imaging.
Figures 4(a) and (b) show typical TEM images of the ZnS sample prepared through scheme 3. Uniform needlelike nanorods can be observed. Their diameter ranges from 2 to 5 nm, and the length ranges from 10 to 30 nm. The diameter and the length of ZnS nanorods in our approach are found to be much smaller than those of other ZnS nanorods synthesized using the solvothermal method, in which the diameter and the length are usually 40 nm and 1.0-1.5 μm, respectively [23] . A thin ZnS film covering the surface of these nanorods is also observed. Phase analysis shows that these ZnS nanorods also have a wurtzite ZnS structure. The SAED (inset in figure 4(b) ) also gives positive evidence that the nanocrystals are of wurtzite structure. The diffraction rings can be indexed to the (002), (101), (110) and (103) planes of wurtzite ZnS phase. The HRTEM image of the nanorods exhibits a lattice spacing of 3.15Å, corresponding to the (002) plane of wurtzite-type ZnS (inset in figure 4(b) ).
Concerning the growth mechanism, the reaction temperature and P123 may play crucial roles in the formation process of three self-assembled ZnS nanostructures in our study. A proposed growth mechanism is shown schematically in figure 5. It is notable that thiourea has already been utilized to generate sulfides with various compositions and forms, and its chemistry is clearly very complicated. Thiourea takes part in the following reversible decomposition reaction in solution:
Meanwhile, the formed CH 2 N 2 may react with H 2 O at high temperature to produce NH 3 and CO 2 :
Therefore, the reaction of thiourea with H 2 O at high temperature can be described as follows [24, 25] :
It is also expected that thiourea and Zn ions form
complexes during the initial addition of thiourea to zinc salt solutions [25] . On the other hand, the P123 headgroups preferentially adsorb on certain surface planes of the nuclei, resulting in the formation of anisometric primary particles, and then it acts differently under different conditions. If the system is directly transferred to an autoclave and kept at 105
2+ complex may be so fast that massive, instantaneously formed ZnS nanoclusters in solution may attach to the surrounding P123 and spontaneously cluster together into colloidal spherical aggregates due to the strong interaction between P123 molecules. The process is also accompanied by the direct reaction between the anions (S 2− ) through equation (3) and cations (Zn 2+ ) released from inorganic precursors. The spherical aggregates may further coagulate to form ZnS submicrospheres by random Brownian-motion-driven particle collision [23] . If the system is ultrasonicated before being transferred to an autoclave, S 2− is released and ZnS nuclei are formed. The influence of chemical potential on the shape evolution of nanocrystals was elucidated by Peng et al, and higher chemical potential, which is determined by the concentration of S 2− in our case, prefers one-dimensional nanostructure growth [26] . Therefore, if the system is kept at room temperature, the decomposition of thiourea is slower and the nanosheets are formed. P123 used here may act both as a structure-directing agent and surface-passivating agent in the formation of ZnS nanosheets, which is similar to that reported by Yu et al [15] . So, P123 is important for keeping ZnS in a lamellar shape. When the reaction temperature is elevated to 105
• C, the chemical potential is higher than that at room temperature, ZnS nanorods are preferred. The primary nanoparticles align under the guidance of P123 chains and grow by Ostwald ripening, eventually resulting in the formation of ZnS nanorods. However, the exact growth mechanism in the microemulsion approach needs to be further confirmed.
To investigate the optical properties of the as-prepared samples, the UV-vis absorption spectra were recorded, as shown in figure 6 . Since the obtained ZnS nanosheets from scheme 2 are non-crystalline in nature, only samples of submicrospheres and nanorods were studied. The curves ascend sharply from the wavelength at about 400 nm, and the optical absorption edge is approximately located at 333 nm. An estimation of the band gap value was obtained by the intersection point of the tangent of the absorption edge with the extended line of the diffuse reflection at lower wavelength. The obtained band gap value is about 3.72 eV, which is comparable to the reported data of 3.7 eV for wurtzite ZnS bulk material. This can be attributed to the fact that the diameters of the obtained samples are much larger than the exciton Bohr radius of ZnS (2.2 nm) [15] , and the weak quantum confinement effect can be negligible [27] . In contrast, there is an obvious absorption at a longer wavelength of about 550 nm for the ZnS nanorods, which may be from the low crystallinity and the existing defects. It is well known that the crystallinity and defects of samples affect the band gap, and then the absorption edge and onset. Comparing figures 2 and 4, it is found that the crystallinity of ZnS submicrospheres is better than that of ZnS nanorods, so an absorption at a longer wavelength from the ZnS nanorods can be observed.
Conclusions
In conclusion, ZnS submicrospheres, nanosheets and nanorods have been synthesized by a simple solution method in the presence of block copolymer. The sizes and morphologies of ZnS structures can be efficiently controlled simply by changing synthesis procedures. Keeping it in an autoclave at 105
• C results in the formation of ZnS submicrospheres; ultrasonication and keeping it at room temperature leads to the formation of ZnS nanosheets; and long-time continuous ultrasonication and keeping it in an autoclave at 105
• C induces the formation of uniform ZnS nanorods. In addition, this simple scheme may represent a general approach for selective synthesis of nanostructures of other sulfide compounds.
